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Introduction
The frequency of oestrous cycles in C57BL/6J mice begins to decline by about 9 months of age and there is a corresponding increase in persistent vaginal cornification (Nelson, Felicio, Randall, Sims & Finch, 1982) . The latter condition results from the modest but sustained production of oestradiol (Nelson, Felicio, Osterburg & Finch, 1981) during the underlying anovulatory state in which follicular maturation and secretion proceed while follicles become atretic rather than ovulate. A similar condition occurs in other strains of mice and rats, and is readily induced in younger rodents by agents that inhibit ovulation by interfering with the pro-oestrous surge of gonadotrophic hormones (Everett, 1964) .
The turnover of large Graafian follicles in mice with persistent vaginal cornification was studied because persistence ('overripening') of anovulatory follicles has potential effects on recruitment of smaller types of growing follicles and on ovarian steroid output. Furthermore, the oocytes contained within these anovulatory follicles might have an increased risk of fetal mortality and heteroploidy if fertilized (Butcher, 1975; Mikamo & Hamaguchi, 1975) . In the present study, the turnover of large follicles and the growth rate of smaller types in anovulatory ovaries were estimated by labelling the granulosa cells with tritiated thymidine. The ability of the Graafian follicles to respond to an ovulatory dose of gonadotrophin was also determined.
Materials and Methods
Animals. C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor, ME, U.S.A.) as young virgins (and held until 4-7 months of age) or as retired breeders (and held until 13-15 months old). Animal husbandry conditions have been described by Nelson et al. (1981) . A 12 h light-12 h dark cycle began at 07 :00 h, and mice were housed singly to maximize cycle regularity (Nelson et al., 1982) . Vaginal smears were obtained each morning by lavage and stained with Giemsa to determine the stages of the oestrous cycle (Nelson et al., 1982) . These age groups were chosen because younger animals of this strain have a moderately high incidence of 4-and 5-day cycles, whereas most ageing mice are acyclic and present persistent vaginal cornification.
Follicle turnover. Young mice (N = 9) that had had two successive 4-day vaginal cycles and were at pro-oestrus, oestrus or met-oestrus I on the day of treatment and a further group of 28 old mice that had had cornified smears for > 14 days were injected once i.p. with methyl-[3H]thymidine (2 uCi.g-1; sp. act. 5 Ci.mm'1; Amersham Corp., Arlington Heights, Illinois) in sterile saline at 11 :00-12 :00 h. All of the young mice and 5 of the old ones were killed by cervical dislocation 1 h later; the remaining old mice were sampled at 24, 48, 72, 144 or 288 h after injection. Four controls of each group were injected with the same volume of saline (9 g NaCl/1) 1 h before autopsy.
A similar group of 7 young,and 3 old mice received two injections of the radioactive tracer to compare the lengths of the S-phase in granulosa cells according to the double labelling method of Pedersen (1970) which was based on principles described by Wimber & Quastler (1963) . Each animal was given an initial dose of 0-4 µ . g " ', followed by a second injection of a larger dose, 4-0 µ ^-1, 1 h later. Mice were killed 0-75 h after the second injection.
At autopsy the ovaries were dissected out of their bursae and fixed for 2 h in aqueous Bouin's fluid. All mice were judged to be free of pathological lesions in their abdominal and thoracic cavities. Pituitary tumours and other gross lesions are rare in this strain at 15 months of age (Felicio, Nelson & Finch, 1980) . Fixed tissues were prepared for paraffin-wax embedding and were sectioned serially at 7 µ . Picric acid and thymidine in the acid-soluble pool were removed by immersing the mounted sections in a saturated solution of lithium carbonate and in ice-cold 5% trichloracetic acid, respectively. After thorough washing, the slides were coated in liquid nuclear emulsion (K2, Ilford Ltd, Basildon, Essex) at 46°C, dried and exposed in light-proof boxes at 4°C for 3-8 weeks. Control slides were exposed at the same time to detect positive or negative chemographic effects (e.g. high background activity and latent image fading). Pilot studies indicated few artefactual changes in silver grain density. Slides were developed and fixed (D19 developer and Kodafix; Kodak Ltd, Liverpool) and stained lightly with haematoxylin and eosin.
The autoradiographs were studied at high magnification with oil-immersion optics (x 1000). The background density of grains was determined in experimental slides within 1 mm of the sections and above the tissue of control slides, and any having > 1 grain per 100 µ 2 were discarded. Cell nuclei with three or more grains were considered to be labelled, since the probability of labelling of the average nuclear area of 31 µ 2 by chance was then < 0-004 (by Poisson).
The labelling index (LI) in both ovaries of individual follicles, excluding primordial types, was determined in the section which passed through the nucleolus of the oocyte, and was the ratio of the number of labelled granulosa cells/total number of these cells. those with 3-30 grains were considered to be lightly labelled, this being the upper limit for precise determination of the grain density.
Although follicles were sufficiently abundant in young ovaries for a random sample to be chosen for microscopical study, all follicles fulfilling the minimum criteria were analysed in old ovaries. The criteria were the presence of an intact and unwrinkled section of the whole follicle and an acceptably low background density of grains in the adjacent emulsion where it was not covering tissue. In general, only the non-atretic follicles were analysed, i.e. those with < 2 pycnotic granulosa cells per section and without evidence of spontaneous maturation or degeneration of the oocyte. However, Graafian follicles at stage Vic in mice with persistent vaginal cornification are rarely devoid of pycnotic cells (Gosden, Laing, Felicio, Nelson & Finch, 1983) . Therefore this stringent criterion for atresia was relaxed for these types, although any with obvious degeneration of the oocyte or atresia of the follicular antrum were not analysed.
For convenience of description, ovarian follicles were classified according to the number of granulosa cell layers and the presence of an antrum (Mandi & Zuckerman, 1951) . In this classification, stages I-VI represent growth from primordial (I) to Graafian size (VI). Since stage VI includes a large range of sizes it was sub-divided : Via (small antral types without a continuous fluid space), VIb (preovulatory antral types), Vic (large antral types which have undergone further cystic development beyond the size and appearance which is normally seen at pro-oestrus) .
Follicular responsiveness to gonadotrophin. Another group of 7 mice aged 13-16 months and presenting persistently cornified smears were injected i.p. at 19 :30 h with 1 or 5 i.u. hCG (Squibb, Princeton, J), both of which are ovulatory doses in young adult mice. A similar group of 5 controls were injected at the same time with saline (9 g NaCl/1). Mice were killed at 1300-1600 h on the following day when the oviducts were dissected to recover any freshly ovulated masses of eggs. The ovaries were prepared as histological sections stained with haematoxylin and eosin.
Results

Morphology of anovulatory ageing ovaries
Ovaries of 13-15-month-old mice with persistent vaginal cornification always contained large Graafian follicles in stages VIb and Vic; Vic follicles were only occasionally seen in ovaries of young mice (see Gosden et al., 1983, for data Fig. 1. Fig.  3 , bright field illumination, 207; Fig. 4, dark-ground (Text-fig. 2) . The values tended to be slightly higher at 48 and 72 h in association with an unusually high grain density over the antrum (PI. 1, Figs 3 & 4) , a phenomenon which has been attributed to release of labelled nucleoside from dying cells and subsequent re-uptake (Byskov, 1974 Graafian follicles, and significantly higher than those of smaller types (II-IV) (P < 005). The Lis of follicles in old ovaries were within the normal range of variation of young cyclic animals.
The length of the S-phase of granulosa cells in the two age groups was compared because it is possible for follicles to have a similar LI yet still grow at different rates. Differences in the proportions of lightly labelled cells in double labelling experiments provided an indication of differences of the S-phase. However, the proportions were not significantly different for follicle stages II-IV (Text-fig. 3 ) ; no estimates are provided for stage V because of the small numbers of such follicles in old ovaries.
Discussion
The principal conclusion of these results is that a set of Graafian follicles in ageing anovulatory mice is replaced completely in 3-4 days. This information, combined with additional data, has been used to construct a hypothetical model to explain the growth and replacement of Graafian follicles in animals with persistent vaginal cornification.
The evidence of a short lifespan of unovulated Graafian follicles was based on the differential pattern of granulosa cell proliferation ([3H]thymidine incorporation) which was characteristic of these follicles. Mural cells had very low levels of radioactivity whereas the activity of cumulus cells was high and comparable with that of preantral follicles in which cells were labelled more or less randomly. It follows, therefore, that the increased LI over a 3-day period after a pulse of [3H] thymidine implies that the original set of Graafian follicles labelled at the time of injection had been replaced by follicles that were preantral at that time. The method indicates replacement of the whole population but cannot provide information about the longevity of individual follicles.
The lifespan of Graafian follicles in ageing anovulatory ovaries is similar to their potential longevity in cyclic rats and hamsters, as disclosed by barbiturate sedation to suppress the spontaneous ovulatory surge of gonadotrophins. Unovulated follicles undergo atresia spon¬ taneously 3 or 4 days after pro-oestrus in these animals (Everett & Sawyer, 1950; Braw & Tsafriri, 1980; Terranova, 1980) , although this interval is shorter in 5-compared to 4-day cycles (van der Schoot, 1980) and is slightly longer in PMSG-treated immature rats than in adults (Terranova & Ascanio, 1982) .
The morphological appearance and secretory activity of these unovulated follicles has been studied to identify factors responsible for atresia. Many follicles in ageing ovaries became haemorrhagic before other signs of involution, such as extensive granulosa cell pycnosis. Accidental breaches of the integrity of the follicular wall might therefore be responsible for atresia in some follicles.
Another factor of potential significance is the changing pattern of steroid production in postmature follicles and their diminished response to LH. Such changes may promote apoptosis rather than mitosis, thereby leading to atresia. Perhaps the most significant changes are the decreased production in vitro by explanted follicles of oestradiol and androgens and the concomitant increased production of progesterone, which might reflect impaired ability to convert progesterone to androgens (Braw & Tsafriri, 1980; Uilenbroek, Woutersen & van der Schoot, 1980; Terranova, 1981) . There is evidence that a balance between the levels of oestradiol and androgens determines whether follicles continue their growth or become atretic (Harman, Lou vet & Ross, 1975 ; Bagnell, Mills, Costoff & Mahesh, 1982) . The reduced ability of unovulated follicles to produce oestradiol might partly explain why plasma hormone levels of mice with persistent vaginal cornification are less than those of pro-oestrous mice (Nelson et al., 1981) even though both types of mice have ovaries dominated by large follicles. Graafian follicles that become post-mature also show lower specific binding of gonadotrophins (Peluso, Steger & Hafez, 1977; Uilenbroek et al., 1980) (Butcher & Pope, 1979; Martin & Terranova, 1982) . The partial responses of some follicles to hCG (e.g. meiotic maturation without ovulation and luteinization) suggest that actions of gonadotro¬ phins that are mediated by prostaglandins are preferentially affected during atresia (see Tsafriri, Lindner, Zor & Lamprecht, 1972 (Hoak & Schwartz, 1980) . If the time taken for individual follicles to progress through these stages to atresia is approximately constant and independent of the size of the total follicular population remaining, it follows that about one-third of the Graafian stages will become atretic each day. (Faddy, Gosden & Edwards, 1983) . Consequently, there will be an increasing probability during ageing that persistent vaginal cornification will be punctuated by intermittent and eventually chronic leucocytosis without pseudopregnancy, signifying exhaustion of large secretory follicles. Healthy C57BL/6J mice generally present persistent vaginal leucocytosis when they are 20-26 months old (Gee, Flurkey & Finch, 1983) . During the period when ovarian function is waning the rates of growth of medium-sized follicles do not change, despite the rise in levels of plasma LH and FSH reported to occur at 16 months of age (Parkening, Collins & Smith, 1980 ). This conclusion is drawn from the similar labelling index and percentage of lightly labelled cells in young cyclic and acyclic ageing mice and is consistent with previous studies, although Pederson (1972) and Faddy et al. (1983) did not distin¬ guish the stages of the ovarian cycle. A change of the dynamics of growth of follicles would not be expected to result from the transition to anovulatory state per se since the longevity of large follicles does not exceed the normal length of the oestrous cycle, but it is important to discover whether the circulating levels of gonadotrophins are elevated as early as 13-15 months of age in these mice.
Earlier studies provided limited evidence of a distinction between the growth rates of mural and cumulus cells (Bullough, 1942; Pedersen, 1970) which are confirmed here. Organization of follicular growth might be compared with that of other epithelia in which a small focus of selfmaintaining stem cells produces some progeny cells ('transit cells') which amplify the cellular reproductive activity and which lead, in turn, to cells with a higher probability of differentiation and a decreasing probability of self-replication (Potten, Schofield & Lajtha, 1979 (Jones & Krohn, 1961) . On the other hand, continuing cell death amongst the mural cells without cell replacement may affect the ultimate size of the corpus luteum which is formed after delayed ovulation. Nevertheless, the potential significance of any effects of delayed ovulation on the future corpus luteum and oocyte may be overruled by intervening refractoriness of the follicle to the ovulatory stimulus.
